Abstract. Glutathione S-transferase A1 (GSTA1) is a phase II detoxification enzyme and serves a crucial role in anti-cancer drug resistance. In our previous study, GSTA1 was identified to be highly expressed in various subtypes of non-small-cell lung cancer cell lines compared with human embryonic lung fibroblast cell line MRC-5. The aim of the present study was to investigate the effect of GSTA1 expression on the proliferation and apoptosis of A549 cells. GSTA1 expression was knocked down or with overexpressed using lentivirus particles. Western blot analysis and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) were used to assess the protein, and mRNA levels of GSTA1 in A549 cells, respectively. The effect of GSTA1 manipulation on cell proliferation and apoptosis were investigated in vitro using MTT assays, Hoechst 33258 staining and flow cytometry, and in vivo using A549 cell line xenografts in nude mice. The results of the western blot analysis and RT-qPCR revealed that stable cell models of GSTA1 knockdown, and overexpression were established. The data of the MTT assay indicated that the downregulation of GSTA1 significantly inhibited cell proliferation compared with si-control-transfected cells. These si-GSTA1 A549 cells exhibited typical morphological changes of apoptosis, including chromatin condensation and shrunken nuclei compared with the si-control counterparts. An AnnexinV-fluorescein isothiocyanate assay verified that the downregulation of GSTA1 significantly induced cell apoptosis in vitro. In addition, overexpression of GSTA1 significantly promoted tumor growth in vivo. Accordingly, downregulation of GSTA1 suppressed tumor growth. In conclusion, GSTA1 plays an important role in regulation of cell proliferation and cell apoptosis in A549 cell line.
Introduction
Lung cancer is one of the most common cancer types worldwide, and is the leading cause of cancer-associated mortality (1) . It was reported that ~158,040 Americans were expected to succumb to lung cancer in 2015, accounting for ~27% of all cancer-associated mortalities (2) . Non-small-cell lung cancer (NSCLC) accounts for ~85% of all lung cancer cases, including squamous cell carcinoma, adenocarcinoma and large cell carcinoma (3) . Treatments include surgery, chemotherapy, radiation therapy and targeted therapy. Recently, targeted therapy has demonstrated to be an effective method to treat with lung cancer (4) . To identify a candidate tumor marker, phage display technology was applied to screen specific novel peptides in lung cancer cells (5) .
Glutathione S-transferases (GSTs) belong to a super family of phase II detoxification enzymes, which catalyze the conjugation of glutathione (GSH) to variable environmentally and endogenously produced electrophonic substances (6) . Human cytosolic GSTs are divided into seven classes abbreviated in Roman capitals A, M, P, S, T, Z and O (7) . In addition to their enzymatic roles, GSTs have an important ability in inhibiting cell apoptosis, including in cancer cells.
Evidence has confirmed a high correlation of GSTs with cancer progression and drug resistance (8) (9) (10) . It has been reported that certain GSTs subtypes are overexpressed in several human tumors and promotes cancer progression (8) , while the inhibition of GST activity significantly induces cellular death (11) . In addition to the role of regulating cancer cell growth, GSTs serve an essential role in tumor drug resistance. For example, knockdown of GSTO1 expression was demonstrated to abrogate carboplatin-induced breast cancer stem cell enrichment, and decrease tumor recurrence and metastatic capacity (12) . In addition, GSTP1 blocks As 2 O 3 -induced apoptosis in lymphoma cells by decreasing the intracellular amounts of H 2 O 2 . GSTA1 is abundantly expressed in A549 cells, located in the cytoplasm and/or membranes (13) . Furthermore, its expression is associated with an increased risk in colorectal, breast and gastric cancer (14) (15) (16) . The alpha class, GSTA1-A5 are not only expressed in normal human tissues, but also in human cancer (17) . GSTA1, GSTA2 and GSTA4 are widely expressed in human tissues. The genetic polymorphism of GSTA1 is characterized by two alleles, GSTA1 * A and Downregulation of Glutathione S-transferase A1 suppressed tumor growth and induced cell apoptosis in A549 cell line GSTA1 * B (17) . However, the roles of GSTA1 in NSCLC cells remain to be elucidated. We hypothesize that downregulation of GSTA1 serves a functional role in inhibiting proliferation and inducing apoptosis in the A549 cell line.
Materials and methods
Chemicals and cell culture. LPP-Z3392-Lv105-400 (lentiviral particles for GSTA1), LPP-e green f luor e s c e n t p r o t e i n (G F P ) -Lv10 5 -10 0 ( l e n t i v i r a l particles for eGFP), LP-HSH008475-5-LvRH1GP-200 [lentiviral particles for small interfering RNA, (si-RNA)] and LP-CSHCTR001-LVRH1GP-050 (lentiviral particles for scramble control) were prepared by GeneCopoeia, Inc. (Rockville, MD, USA). The human lung adenocarcinoma cell line A549 was purchased from Shanghai Institute of Cellular Biology of Chinese Academy of Sciences (Shanghai, China). Cells were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum and 0.1% penicillin/streptomycin (all from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in a humidified atmosphere with 5% CO 2 at 37˚C.
Animals and xenograft experiments.
A total of 24 healthy BALB/c nude mice (half male and female; aged ~3 weeks; weight 17~20 g) were purchased from Guangdong Medical Experimental Center (Guangzhou, China). Mice were maintained under specific pathogen-free conditions at a temperature of 20-25˚C with humidity of 40-70%. They were fed in groups, and had free access to water and food. The mice were randomly divided into four groups: GSTA1, vector (lentiviral particles for eGFP), si-control (scramble control) and si-GSTA1 groups with six mice/group. To establish the above four groups of animal A549 tumor models, each nude mouse was injected with 4x10 5 A549 cells (transfected with GSTA1, vector, si-control and si-GSTA1 respectively) into the right flank. Tumor size was measured using a caliper four times/week. Tumor volumes were calculated by the following formula: 0.5x largest diameter (mm) x smallest diameter 2 (mm). Mice were sacrificed and xenograft tumors were removed en bloc following 3 weeks. All xenograft experiments were performed under a protocol approved by the Animal Care and Use Committee. All animal experiments were approved by the Animal Care Committee of Guangdong Pharmaceutical University (Guangzhou, China).
Western blot analysis. Total protein was extracted from the tumor tissues of the four groups or cells cultured in six-well plates. The tumor tissues were ground and lysed in radioimmunoprecipitation assay lysis buffer (#P0013B, Beyotime Institute of Biotechnology, Haimen, China) containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 1 µg/ml leupeptin and 0.1% SDS on ice, and then centrifuged at 12,000 x g, 4˚C for 20 min to obtain the total protein supernatants. The protein concentration of each extract was measured using a BCA Protein assay kit (Thermo Fisher Scientific, Inc.). A total of 40 µg protein per lane was loaded and separated via 12% SDS-PAGE, and then transferred onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked with 5% (w/v) non-fat milk powder in Tris buffered saline with Tween-20 (TBS-T) pH 7.6 solution at room temperature for 1 h. Membranes were then incubated with the primary antibodies goat anti-GSTA1 (#ab53940; 1:3,000 dilution; Abcam, Cambridge, UK) or mouse anti-β-actin (#ab8226; 1:3,000 dilution; Abcam) overnight at 4˚C. The membrane was washed with TBS-T buffer three times and incubated with horseradish peroxidase-conjugated polyclonal donkey anti-goat IgG (#ab97110; 1:5,000 dilution; Abcam) or goat anti-mouse IgG (#ab136815; 1:5,000 dilution; Abcam) at room temperature for 1 h. After washing with TBS-T buffer three times, the membranes were visualized after incubation SuperSignal™ West Pico PLUS Chemiluminescent Substrate (#34580, Thermo Fisher Scientific, Inc.). β-actin was used as loading control. The gray value was analyzed by using ImageJ software (version 1.46; National Institutes of Health, Bethesda, MD, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay. Total RNA from the tumor lysates or cells was extracted with TRIzol solution (Life Technologies; Thermo Fisher Scientific, Inc.) following the manufacturer's protocol. cDNA was synthesized using the PrimeScript™ II First Strand cDNA Synthesis kit according to the manufacturer's protocol using 1 µg of total RNA with the Bio-Rad Reverse Transcription system. The temperature protocol was as follows: 42˚C for 2 min, then at 37˚C for 15 min and 85˚C for 5 sec. The RT-qPCR assay was run in a 25 µl reaction system containing 12.5 µl X2 PCR Master mix, 1 µl forward and reverse primer each, 2 µl cDNA and 8.5 µl nuclease-free water on a CFX96™ Real-Time PCR Detection system with SYBR ® Premix Ex Taq™ II (Takara Bio, Inc., Otsu, Japan). The primers were synthesized according to the designed sequence by Shanghai Shenggong Biology Engineering Technology Service, Ltd. (Shanghai, China) and were used for qPCR: GSTA1 forward, 5'-GCC TCC ATG ACT GCG TTA TT-3' and reverse, 5'-CCT GCC CAC AGT GAA GAA GT-3'; GAPDH forward, 5'-AAC GGA TTT GGT CGT ATT GGG-3' and reverse 5'-CCT GGA AGA TGG TGA TGG GAT-3'. qPCR was performed under the following conditions: 95˚C for 30 sec; 40 cycles of 95˚C for 5 sec, 60˚C for 30 sec; 95˚C for 5 sec, 60˚C for 1 min; 50˚C for 30 sec. GAPDH served as a reference gene. The relative quantity of mRNA expression was calculated by using the 2 -ΔΔCt method (18) . All experiments were performed in triplicate.
Cell growth assay in vitro. A549 cells were seeded at a density of 5x10 3 cells/ well in 96-well flat bottom plates. A total of 4 µl of 1 x10 8 TU/ml lentivirus particles (GSTA1, vector, si-control and si-GSTA1) were serially diluted to 4x10 6 TU/ml by serum free OptiMEM medium (Gibco; Thermo Fisher Scientific, Inc.) containing 5 µg/ml Polybrene (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). When the cells reached 30-50% confluence, they were transfected with the aforementioned lentivirus particles using 2 µg/ml puromycin (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for screening stable cell lines. The cells were cultured for 5 days. During this time, 20 µl MTT solution (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) in PBS (5 mg/ml) were added to each well at 1-day interval for 4 h at 37˚C, then, 200 µl DMSO was added after removing the supernatants. The absorbance of each well was measured with a microplate reader at 570 nm. All experiments were performed in triplicate.
Lentivirus-meditated GSTA1 overexpression and si-GSTA1 in A549 cell models. The aforementioned lentiviral particles (1x10 8 TU/ml) were diluted and added (multiplicity of infection: 40, 20, 10, 5) to transfect A549 cells for 24 h. The supernatants containing lentivirus were replaced with OptiMEM medium, and the cells were cultured for an additional 48 h. Successful infection was detected by the presence of green fluorescence in cells due to GFP as observed under an inversed fluorescence microscope (x100).
Cell morphological assay. The si-GSTA1 and si-control A549 cells were seeded in 12-well plates at a density of 1x10 5 cells/well, and then cultured for up to 5 days. Following treatment, the cells were fixed with 4% formaldehyde for 30 min at room temperature, exposed to Hoechst 33258 (15 µM) for 30 min at room temperature, then observed and imaged using an inverted fluorescence microscope (x100).
Flow cytometric analysis. The si-GSTA1 and si-control A549 cells were cultured in 6-well plates at a density of 5x10 5 cells/well for 5 days. The cells were collected every day, washed twice with ice-cold PBS and resuspended in binding buffer (cat. no. KGA106; Nanjing KeyGen Biotech, Nanjing, China) containing PBS (pH 7.4), 1% fetal bovine serum and 0.1% NaN 3 at a concentration of 1x10 6 cells/ml. Then, 5 µl of Annexin V-fluorescein isothiocyanate and 5 µl of propidium iodide were added. The cells were cultured for 15 min at room temperature in the dark, after which apoptotic cells were quantified using flow cytometry (FACSCalibur/Calibur; BD Biosciences, Franklin Lakes, NJ, USA). All experiments were performed in triplicate.
Statistical analysis. Data are presented as the mean + standard deviation. Statistical analysis was performed using SPSS software (version 17.0; SPSS, Inc., Chicago, IL, USA). One-way analysis of variance followed by Tukey's post-hoc test was used for multiple comparisons and the paired Student's t-test was applied when only two groups were compared. P<0.05 and P<0.01 were considered to indicate statistically significant difference.
Results

Expression of GSTA1 in each group in vitro.
GSTA1 protein and mRNA expression levels were investigated using western blot analysis, and RT-qPCR in cell samples from the GSTA1 and vector groups (Figs. 1 and 2 ). Si-GSTA1 protein expression (0.56-fold lower) was significantly suppressed compared with the si-control group (Fig. 1A; P<0 .01). The data demonstrated that the relative mRNA levels in the si-GSTA1 group were 0.38-fold significantly lower compared with that of the si-control (P<0.01; Fig. 1B ). In addition, the GSTA1 protein levels in the GSTA1 overexpression group were 1.83-fold higher compared with that of the vector group (P<0.05; Fig. 2A) . Likewise, the GSTA1 mRNA expression in the GSTA1 overexpression group was 2.57-fold higher compared with that of the vector group (P<0.01; Fig. 2B ). These results implied that the si-GSTA1 and GSTA1 overexpression cell models were successfully established.
Downregulation of GSTA1 inhibits cell proliferation and induces cell apoptosis in vitro.
The results of the MTT assay indicated that cell viability in the GSTA1 group after culturing for 3 days were significantly improved when compared with the vector group (P<0.05; Fig. 3A ). In addition, si-GSTA1 transfection resulted in significantly decreased cell viability compared with the si-control following 3 days of culture ( Fig. 3B; P<0 .05). Hoechst 33258 staining was used to observe the morphological changes in the cell nuclei. As shown in Fig. 4 , the cell florescence of A549 cells transfected with si-GSTA1 was relatively brighter compared with the si-control groups. When compared with si-control A549 cells, the cell amounts of si-GSTA1 were few. In order to further confirm that the cell death induced by si-GSTA1 was apoptosis, AnnexinV-FITC/PI staining was used to detect early apoptosis cells and middle-late apoptotic cells (19) . A time-dependent increase in apoptotic cells was observed from 6.42 on day 1 to 10.06, 15.8, 21.3 and 77.61% in si-GSTA1 A549 cells cultured for 5 days compared with the control counterparts, which saw an increase from 1.38 on day 1 to 4.63, 5.30, 4.84 and 7.22% (Fig. 5) . These results demonstrated that the downregulation of GSTA1 in A549 cell lines is able to suppress cell proliferation and induce cell apoptosis in vitro.
GSTA1 induces tumor growth in xenograft models. Based on the aforementioned results in vitro, the potential effect of GSTA1 in vivo in A549 cell xenografts was explored (Fig. 6A) . As shown in Fig. 6B , the tumor volume in the GSTA1 group was 2,709.27 mm 3 , whereas that of the vector group was 1,395.43 mm 3 after 21 days. The tumor volume in the si-GSTA1 group was 204.12 mm 3 compared with that of the si-control group (1,066.07 mm 3 ). Furthermore, as shown in Fig. 6C , the tumor weight in vector, GSTA1, si-control and si-GSTA1 groups were 0.73, 1.66, 0.64, and 0.12 g, respectively. These results indicated that GSTA1 significantly induced tumor growth compared with the vector control, while si-GSTA1 significantly inhibited tumor growth compared with the si-control (Fig. 6) .
GSTA1 protein and mRNA expression of tumors in each group.
In order to further verify the role of GSTA1 in lung cancer cell growth in vivo, western blotting and RT-qPCR were used to analyze the expression of GSTA1. The gray values of GSTA1/ β-actin in the vector, GSTA1 overexpression, si-control and si-GSTA1 groups were 0.50, 1.28, 0.52, and 0.38, respectively (Fig. 7A) . As shown in Fig. 7B , the relative GSTA1 mRNA levels of the four tumor groups were 1.00, 3.30, 0.98 and 0.28, which demonstrated that tumor growth may have a significant association with the expression of GSTA1.
Discussion
To evaluate the function of GSTA1 in lung cancer cells, GSTA1 knockdown and overexpression was established in the A549 cell line. Western blot analysis and RT-qPCR analysis revealed significantly high expression levels of GSTA1 protein and mRNA in GSTA1 A549 cells compared with that of the vector control. Likewise, the protein and mRNA expression levels of si-GSTA1-transfected A549 cells were significantly lower compared with that of the si-control. According to the cell viability assay, it was evident that GSTA1 overexpression promoted cell proliferation and si-GSTA1 suppressed cell growth in vitro, and in vivo. In addition, the downregulation of GSTA1 in A549 cells significantly induced cell apoptosis in vitro. To the best of our knowledge, little has been reported regarding the biofunctional role of GSTA1 on cell proliferation and apoptosis in lung cancer cells. In the study of Adnan et al (19) , siRNA-mediated downregulation of GSTA1 significantly increased cell proliferation and did not alter sodium butyrate-induced apoptosis in Caco-2 cells (19), which are different to the results of the present study. This discrepancy may be due to the heterogeneity of cancer, which may lead to the polymorphisms of GSTA1 in different cancer cell types. It is a normal phenomenon that one gene serves opposite roles in different tumor types. Previously, the polymorphisms of GSTM1 and GSTT1 were identified to be associated with lung cancer risk: Liu et al (20) demonstrated that the GSTM1 null genotype exhibited a significant association between squamous carcinoma (SC), adenocarcinoma (AC) and small cell lung carcinoma, and an association between the GSTT1 null genotype in SC and AC. Several studies have investigated the association between GSTA1 polymorphisms, and colorectal, prostate, breast and bladder cancer (21-24). Deng et al (17) reported that the GSTA1 BB genotype was associated with an increased cancer risk, particularly for colorectal cancer in Caucasians. The present results suggest that GSTA1 is important in tumor growth, and that the downregulation of GSTA1 suppresses proliferation and induces apoptosis in A549 cells. However, the potential underlying mechanisms of GSTA1 in lung cancer require confirmation. It may involve the binding of GSTA1 to certain cellular proteins that serve prominent roles in the regulation of the stress response, cell proliferation and apoptosis. To date, the best-characterized GST-interacting protein is JUN N-terminal kinase (JNK1), which is a member of a large family of Ser/Thr kinases known as the mitogen-activated protein kinase family (25) . JNKs serve an important role in the response to various stress stimuli, and regulate the activities of several target proteins involved in a variety of biological processes, including apoptosis, cell cycle regulation and proliferation (26). Yang et al (27) reported that overexpression of GSTA2 reduced the activation of JNK in K562 cells and attenuated H 2 O 2 -induced apoptosis. Furthermore, overexpression of hGSTA1 reduced JNK activation, c-jun phosphorylation and the cytotoxic effects of H 2 O 2 , interleukin-1β, and ultraviolet irradiation (28) . Taken together, these studies indicate the pivotal role GSTA may act as one of the determinants of the differential activation of JNK. On the basis of the present results, the effects of si-GSTA1 and si-control on JNK phosphorylation, and expression in A549 cells should be investigated.
In conclusion, to the best of our knowledge, the present study demonstrated for the first time that GSTA1 overexpression acts as a tumor promoter in vivo, and si-GSTA1 is able to suppress proliferation and induce apoptosis of A549 cells in vitro. The results suggested that checking the expression of GSTA1 in clinical tests may be useful for diagnosis of lung cancer. Furthermore, GSTA1 may be used as a target molecule for developing anti-NSCLC drugs.
